Porphobilinogen synthase (PBGS) catalyzes the first common step in the biosynthesis of the essential heme, chlorophyll and vitamin B 12 heme pigments. PBGS activity is regulated by assembly state, with certain oligomers exhibiting biological activity and others either partially or completely inactive, affording an innovative means of allosteric drug action. Pseudomonas aeruginosa PBGS is functionally active as an octamer, and inactive as a dimer. We have identified a series of compounds that stabilize the inactive P. aeruginosa dimer by a computational prescreen followed by native PAGE gel mobility shift analysis. From those results, we have prepared related thiadiazoles and evaluated their ability to regulate P. aeruginosa PBGS assembly state.
Introduction
Drug discovery research is a difficult but worthwhile human endeavor. The level of new compounds introduced into therapy remains stagnant, having returned to the historic levels seen in the 1950s. 1 New approaches involving innovation in treatment may add great hope for success in the future. In 2009, only 26 new molecular entities (NMEs) were approved by the U.S. Food and Drug Administration (FDA), 2 even though spending on drug discovery research has increased tremendously during the previous decades. The current unexpectedly low level of productivity in drug discovery research has occurred even though our understanding of the molecular basis of disease and toxicology had increased dramatically and important new enabling technologies have been developed and validated. Therefore, it is gratifying to appreciate and recognize the scientific contributions of Bruce and Cynthia Maryanoff, who have managed to develop and maintain exceptionally strong scientific careers while at the same time contributing directly to the introduction of new NMEs into therapy such as the anticonvulsant topiramate. 3 NMEs have historically originated in large pharmaceutical companies, with 50% of them coming from only 21 companies since 1950. 1 However, in recent years, more NMEs have emerged from small companies. 1 Further, drug discovery research is moving from a traditional model involving a linear transition of functions from target identification to introduction into the market, to more networked relationships involving public private partnerships between academic groups and biotechnology or pharmaceutical companies. However, the important transition points in drug discovery research remain the same: hit identification and triage, lead declaration, and transition into preclinical development. We here describe an innovative approach for the identification of screening hits at an allosteric protein-protein interface. We performed compound library screening after a computational prescreen, and identified hits that have the potential to selectively regulate the assembly state and function of a key enzyme in Pseudomonas aeruginosa. We also prepared and evaluated a secondary library based upon the hits identified to explore initial structure activity relationships. P. aeruginosa is a Gram-negative opportunistic pathogen exploiting lapses in host defenses. This pathogen causes urinary tract infections, dermatitis, respiratory system infections, bacteremia, bone and joint infections, gastrointestinal infections and a variety of systemic infections, particularly in patients with severe burns and in cancer and immuno-suppressed AIDS patients. 4 P. aeruginosa is mainly a nosocomial infection and is particularly serious for patients hospitalized with burns, cancer, and cystic fibrosis where the fatality rate is ~50%.
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P. aeruginosa infections are the fourth most commonly observed in U.S. hospitals with an incidence of ~10% of all nosocomial infections, and are associated with low susceptibility to antibiotic treatment largely due to multidrug efflux pumps associated with antibiotic resistance genes. Given the severity and incidence of P. aeruginosa infection, new means of treatment that are not subject to antibiotic efflux would be valuable additions to current therapy. Jaffe and co-workers have recently described an unexpected quaternary structure dynamic that allows for the identification of new drug targets and promotes an entirely new paradigm in drug discovery research. [6] [7] [8] In this approach, a specific quaternary structure assembly is stabilized, which is chosen based on the known functional role of that assembly. The quaternary structure dynamic targeted is characteristic of proteins termed, "morpheeins", homo-oligomeric proteins that dissociate, change conformation in the dissociated state, and reassemble to a structurally and functionally distinct assembly state. 6 Chemical probes and drug candidates bind to the assembly-specific surface cavities distant from the active sites. The amino acids in the oligomer-specific, small molecule binding site are often phylogenetically variable, allowing for greater specificity of action across species. The unique characteristic of such a surface site is that it lacks the evolutionary requirement for conservation that is characteristic of active sites. We have undertaken a series of docking studies that target and exploit the surface cavities specific to a particular oligomeric component of an equilibrium of quaternary structure assemblies characteristic of a morpheein. 7, 8 In this way, we can inhibit the function of a protein by stabilizing an inactive assembly state by binding to a site or pocket in the protein-protein interface particular to that inactive oligomer. In related work, regulation of assembly state and function of a protein by a small molecule has been demonstrated for transthyretin using flufenamic acid and related compounds. 9 Tetrapyrroles play a universally central role in energy metabolism throughout all phyla, although the roles of these essential cofactors such as heme, chlorophyll, siroheme, B12, and F430 differ dramatically among aerobic, photosynthetic, and methanogenic organisms. Porphobilinogen synthase (PBGS, EC 4.2.1.24), also known as 5-aminolevulinic acid dehydratase (or ALAD), catalyzes the first common step in the biosynthesis of the tetrapyrrole pigments (Eq. 1). The tetrapyrrole biosynthetic pathway in humans is controlled predominantly at the level of the biosynthesis of the PBGS substrate 5-aminolevulinic acid (ALA), 10 but there are additional control points for the common tetrapyrrole biosynthetic pathway in other organisms. 11 Early studies on plant-and some bacterial-PBGS revealed a protein concentrationdependence to the enzyme's specific activity that is consistent with the co-existence of a high activity oligomer of higher stoichiometry, and a less active oligomer of lower stoichiometry.
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The current interpretation is that interconversion among active octamers and inactive dimers and inactive hexamers explains the protein concentration-dependent specific activity. 6 This protein concentration-dependent specific activity is seen for PBGS from Pseudomonas aeruginosa and for many other pathogen targets. The active sites of most PBGS contain identical residues, with the exception of a metal binding site that differs between humans, plants, and most human pathogens. 14 The variation in this metal binding site is a very small component of the active site, and is not likely to provide sufficient structural differences to yield species-selective inhibitors using computational docking to the active site. However, PBGS from Pisum sativum and humans exist in a dynamic equilibrium of oligomeric forms including a high-activity octamer, a low-activity hexamer, and two conformations of a low-activity dimer, one that is conformationally competent for assembly to the octamer and another for assembly to the hexamer. [15] [16] [17] Not all PBGS populates the hexameric assembly. For example, Pseudomonas aeruginosa PBGS exists in a dynamic equilibrium consisting of only high-activity octamer and low-activity dimer forms. The structural differences between octamer, hexamer, and dimer can explain the functional differences between PBGS oligomers. In particular, the octameric assembly contains a specific subunit-subunit interface that stabilizes the "closed" conformation of a mobile active site lid. In the hexamer, the active site is exposed to solvent, and PBGS activity requires high substrate concentration because the K m determining substrate is stabilized by the closed lid and also requires high pH to facilitate Schiff base formation. The existence of PBGS as an ensemble of alternate, non-additive quaternary structures was first suggested by examination of the X-ray crystal structure of a naturally occurring low-activity variant of human PBGS. 18 This variant, F12L, assembles into a homo-hexamer, which is in stark contrast to the X-ray crystal structure of the homo-octameric assembly for the wild type human protein and the octameric assemblies of all other PBGS crystal structures. [19] [20] [21] We have already identified compounds that modulate the PBGS assembly state in such a way as to stabilize the inactive form found in P. sativum, human, and Yersinia enterocolotica.
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Results and Discussion
The inactive component of the quaternary structure equilibrium for PaPBGS is the dimer. Therefore, we docked the entire collection of commercially-available compounds from Life Chemicals, Inc. with the PaPBGS dimer using the Schrodinger docking software GLIDE. 8, 2 For this dimeric target, which derives from the dissociation of the PaPBGS octamer, we considered the hydrophilicity and hydrophobicity of the exposed surfaces, in defining the docking box. For reasons that remain unclear, the equilibrium for PBGS from some species, such as PaPBGS, appears to involve only octamers and dimers, and we do not know if the dimer has more than one native conformation. Therefore, for PaPBGS small molecules have been sought to disrupt assembly of dimers into octamers. For this approach, the targeted region on the protein surface is between pro-octamer dimmers as described previously. 25 For the dimeric target, where the small molecule sought would block octamer assembly, we also used a large docking box. The region targeted for docking to the dimer lies at the interface of two pro-octamer dimers. We sought compounds that must both dock to this surface and disrupt key interactions at the PPI such that octamer formation becomes less energetically favorable. Seventy-three of the compounds purchased on the basis of the computational prescreen were purchased and tested by native PAGE for their ability to shift the quaternary structure equilibrium of PaPBGS from predominantly octamer to predominantly dimer after incubation for 30 mins at 37 °C. Seven compounds visibly increased the percent dimer, and four of these (1-4) showed substantial conversion of octamer to dimer, and two of these four shifted the equilibrium to greater than 50% dimer. The gel shift data and structures of the four compounds that showed the highest increase in percentage dimer on the gels are shown in Figure 1A , and the docked poses of these compounds are shown in Fig. 1B . Unlike the hexamer stabilizing agents described above, the PaPBGS dimer stabilizing compounds did not inhibit PaPBGS during an activity assay to a level commensurate with their percentage shift to dimer by native PAGE. We have shown that addition of substrate to a PBGS quaternary structure equilibrium acts to stabilize the octamer. 8, 23, 26 Substrate binding at the active site causes molecular interactions that stabilize a closed conformation for a dynamic loop that serves to isolate the active site from bulk solvent. When this loop is in its closed conformation, the number of subunit-subunit contacts in an octamer specific subunit interface increases, thus drawing the quaternary structure equilibrium toward the octamer. Figure 2 shows that although compounds 3 and 4 significantly stabilize the dimer, the addition of an equimolar amount of the PBGS substrate 5-aminolevulinic acid (ALA) is sufficient to draw the equilibrium back to the octamer. Thus, these compounds do not bind sufficiently tightly to prevent octamer assembly in the presence of substrate. Therefore, the dimer stabilizing compounds 1-4 are expected to require substantial redesign before they are advanced to lead status in drug discovery. Nevertheless, they represent the first agents that have been identified to regulate the assembly state of PaPBGS and serve as a starting point for the design of subsequent probe libraries to explore the functional consequences of this dimeroctamer equilibrium. Interestingly, all seven of the compounds that stabilized the PaPBGS dimer docked in the same region and had similar poses. Figure 1B shows the location of 1-4 ; the other three overlay these very closely (not shown). Selection criteria for dimer stabilizing compounds can be improved in several ways. Selection of the PaPBGS compounds included a rudimentary estimate of the compound's potential to disrupt the PPI, based solely on the residues to which the compounds dock on the one surface of the PPI to which we docked. In our initial attempt to find compounds that block PaPBGS octamer formation, we did not evaluate the impact of binding to the other side of the PPI. Thus, it is conceivable that we could find compounds that increase, or at least do not significantly decrease, the affinity of the PPI. Docking the same set of compounds to the other surface of the PPI could provide a starting point for such an evaluation, and might also allow identification of compounds whose effects potentiate one another by binding to two different faces of the PPI. A simple visual inspection to evaluate the poses of the molecules with two dimers bound as they are in the octameric crystal structure is another approach to evaluating the potential of a compound, as docked, to disrupt the PPI interactions. More rigorous methods could include individual alanine substitutions for interacting residues followed by energetic calculation of the PPI interactions; this would allow quantification of the contribution of individual residues to the PPI. This information could then be applied to the selection of compounds with the greatest potential to disrupt the interface. This approach would improve the rigor of our approach and is expected to improve the potency of discovered hits. Figure 2 . Addition of substrate (ALA) to PaPBGS incubated with two most potent dimerstabilizing compounds draws the equilibrium back to octamer. PaPBGS (1.14 mg/mL) was incubated for 30 mins at 37°C with 2 mM of (A) 3 (ML-5E1) or (B) 4 (ML-5E5) in the absence of ALA or in the presence of varying amounts of ALA as labeled. No sample was loaded into lane 2.
Chemistry
In order to probe the relation of structure on function, based upon the initial hits from the computational pre-screen and compound testing, we initially prepared a series of analogs of 4 lacking the pyrone and chromone functionalities. The molecular weight of 4 (MW 539.6) is relatively high for drug suitability, and ligand efficiency or the ratio of potency to size, which is an important criteria for early library hit triage and evaluation, is relatively poor. 27 Replacement of the pyrone and chromone with smaller groups, if potency could be retained, would allow for greater flexibility in modifying the amidothiophene while maintaining suitable physical properties and molecular weight. The required 5-amino-[1,3,4]thiadiazole-2-thiol 5 is readily available commercially, and, and this intermediate can be readily converted into a series of diverse compounds in order to explore the relation of structure to function rapidly. A series of 2-amino-5-sulfanyl-1,3,4-thiadiazole derivatives has been described previously. 28 In that report, the compounds were first selectively S-alkylated followed by N-alkyation or Nacylation. Here, we sought to initially make the amidothiophene intermediate 6, followed by alkylation with a series of benzyl-or alkyl-halides in a parallel fashion to expedite the synthesis of the desired products 7 (Scheme 1 
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Scheme 1
We improved the preparation of thiadiazoles 7 by intentionally over-acylating 5 with thiophene-2-carbonyl chloride, providing the thioester amide 9 (Scheme 2). Thioester 9 was then hydrolyzed with lithium hydroxide to give the lithium salt of the intermediate 6 (Li-6). Subsequent quenching of Li-6 with benzyl halides provided the desired products 7a-l in 50-95% yields. Since we sought to replace the chromone-pyran-ester, aromatic substitution seemed appropriate for the design of 7a-l. We kept the methylene linker, and replaced the aromatic portion with a series of aryl-and bi-aryl analogs with an overarching goal of understanding the chemical space which that end of the molecule occupies. Several methoxy-and sulfonylcontaining groups, as well as 5-membered ring heterocycles, were incorporated to potentially mimic the hydrogen bond acceptors present in 4. Also we sought evaluate diversity amongst the heterocycles examined, so that oxazole-, isoxazole-, thiazole-and pyrazole-5-membered rings were included. 
Pharmacology
Compounds 7a-l were tested for their ability to influence the PaPBGS dimer-octamer assembly state equilibrium (Figure 3) . None of the new compounds promoted the effective stabilization of the dimer, as did 4 (lane 2). However, compounds 7a and 7b showed the greatest extent of dimer (lanes 5 and 6, respectively), similar to when nothing was added (lane 3). Many of the compounds appear to actually relatively favor the octameric form (7h, 7j-l, lanes 11, 13-15) . These results suggest a requirement to incorporate a relatively-extended substructure, as for the chromone of 4, in order to promote PaPBGS dimer stabilization. PaPBGS (1.14 mg/mL) was incubated for 30 mins at 37°C with 2 mM of 7a-l (dimer, bottom; octamer, top). Legend for lanes: (1) pre, no incubation, (2) 4, (3) nothing added, (4) DMSO, (5) 7a, (6) 7b, (7) 7c, (8) 7d, (9) 7f, (10) 7g, (11) 7h, (12) 7i, (13) 7j, (14) 7k, (15) 7l.
Conclusions
Alteration of the protein assembly state offers a novel means for allosteric drug action. Here we have described a series of oxadiazoles and thiadiazoles that stabilize dimeric P. aeruginosa porphobilinogen synthase (PBGS) relative to the octameric form. These compounds were identified by a computational pre-screen of a large virtual library followed by evaluation of purchased compounds for their effects upon PBGS assembly state using native PAGE gel-shift analysis. An additional subset of 12 new thiazoles prepared based on the screening exercise revealed some 7h, 7j-l that appear to give the octameric form nearly exclusively. These added structure activity relationship trends help to define the structural parameters involved in P. aeruginosa PBGS assembly state regulation. We have found that regulation of the activity of PBGS is dependent upon the assembly state of the protein, in which certain forms are functionally active, and others not. We predict that regulation of enzyme function by control of non-additive assembly states in vivo may be common throughout nature and protein class, termed the morpheein model of allostery. 6 We also consider the fact that it may be possible to inhibit the function of an essential protein or enzyme in a pathogen without interfering with the corresponding target in the host, providing a new means for allosteric anti-infective drug action. Therefore, application of the morpheein model of allostery to drug discovery may provide novel anti-infective therapy on a case-by-case basis depending on the differential regulation of protein assembly state in the pathogen vs. the host.
Experimental Section
General. All reagents were purchased from Fisher Scientific (Acros) and used without purification.
1 H-NMR spectra were obtained on either a Bruker 500-or 400-MHz NMR or a Varian 300-MHz NMR. Melting points (°C) were determined using an MPA100 OptiMelt Melting Point Apparatus, and are uncorrected. Analytical thin-layer chromatography (TLC) was performed on silica gel plates precoated with a fluorescent indicator. Purity (%) was determined with a Waters Alliance 2695 HPLC with a 2996 diode array detector from 210-400 nm.
Native gel electrophoresis. Electrophoresis was performed using a PhastSystem with PhastGel native buffer strips. Separations were performed using 20% polyacrylamide gels. After separation, gels were developed on the PhastSystem using Coomassie Blue as previously described. 8, 15 For the gel shift screen of test compounds with PaPBGS, samples were prepared by mixing 8 µL of protein (1 mg/mL, ~30 µM subunits) in 0.1 M Bis-Tris propane-HCl, pH 8.5, with 2 µL of 10 mM compound in DMSO. The resultant samples, which contained 20% DMSO and 2 mM compound, were incubated at 37 °C for 30 min before loading and running the gels. For the native PAGE experiments containing the PBGS substrate 5-aminolevulinic acid (ALA), the gel samples were prepared with the ALA and compounds were both present for the duration of the incubation. 
Compounds 7a-l
The diacylthiadiazole 9 (212 mg, 0.6 mmol) was suspended in THF (6.5 mL) at 0 o C, and treated with lithium hydroxide (1M, 2.1 mL, 3.5 mol. equiv). A homogenous solution was observed after addition of the base. The reaction was monitored by TLC (EtOAc:hexane, 1:1, UV). After the starting material 9 was consumed, the mixture was evenly distributed into three vials that contained different halides (0.25 mmol). The resulting mixture was left on a shaker until the thiol 6 was consumed, as shown by TLC (EtOAc:hexanes, 1:1, UV). If there was a precipitate, the solid was filtered, washed with water and methanol, and dried to provide the final product; if it was a clear solution, the mixture was partitioned between EtOAc and water. The organic phase was concentrated to give a crude product which was purified either by crystallization from EtOAc:hexanes or preparative TLC to afford the corresponding product. Thiophene-2-carboxylic acid [5-[4-(methanesulfonyl)benzylsulfanyl]-[1,3,4]thiadiazol-2-yl] 
